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HORMONAL REGULATION OF FLUID AND ELECTROLYTES: EFFECTS OF HEAT EXPOSURE )
AND EXERCISE IN THE HEAT

R.P. Francesconi, M.N. Sawka, R.W. Hubbard and K.B. Pandolf
US Army Research Institute of Environmental Medicine
Natick, Massachusetts 01760-5007

INTRODUCTION

A review of the endocrine factors which subserve fluid and electrolyte
regulation during acute or chronic sedentary heat exposure or during exercise
in the heat necessarily focuses on two target organs - the sweat gland and the
kidney. While the acquisition of fieat acclimation in humans is partially
characterized by a striking ability to secrete increased quantities of a more
dilute sweat (3,121,131), there are relatively few studies in the scientific
Titerature describing the direct hormonal control of sweat secretory rate,
composition, or total output. Further, studies which have reported these
direct effects of exogenously administered hormones (e.g. aldosterone,
angiotensin I or 1I, antidiuretic hormone or vasopressin) on sweat gland
activity provided, at best, inconsistent resqlts with various investigators
reporting increased, decreased, or no effects on sweat secretion.

Effects of Exogenous Hormones

In an attempt to confirm the responsivity of the eccrine sweat gland to
antidiuretic hormone (vasopressin, VP) stimulation, Fasciolo et al. (48)
injected VP subdermally at 3 sites (forearm, abdomen, thigh) in 6 male
volunteers and collected sweat samples for three 40 min perfods at each site
and the contralateral control area. Sweating was induced by heat exposure or
Mecholyl administration, and the results indicated that, indeed, sweat
secretion was generally reduced by VP treatment; moreover, the sodium (Na¥)
concentration of the sweat was increased, and these investigators concluded
that VP had a direct effect on sweat duct permeability and water reabsorption.

In a very early experiment Ladell (109) injected deoxycorticosterone
acetate intramusculariy in acclimated subjects and collected forearm sweat
during work in a hot environment. The results indicated that the hormone,
acting directly on sweat gland secretion, elicited a 30% reduction in the
sodium chioride (NaCl) content of the sweat. At approximately the same time
Conn et al. (29) also administered deoxycorticosterone acetate to men before,
during, and after acclimation to heat, and reported that the concentration of
NaCl lost in sweat was significantly lowered and that cessation of hormonal
administratfon promptly resuited in increased salt losses even in acclimated
subjects. In fact, they concluded that the exogenous administration of
hormone repressed endogenous mineralocorticoid secretion, and full recovery
from this hyposecretory activity required several days.
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Twenty years later Collins (24) administered d-aldosterone at 6 h
intervals and induced sweating by intradermal injection of methacholine. He
reported that between 12-30 h following the first aldosterone injection, the
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sodium/potassium ratio was maximally depressed, urine flow and sweat secretion 2
. were both attenuated, and 2 days were necessary for these variables to return
B to normal levels after the final injection of aldosterone. These studies led
Braun et al. (18) to administer d-aldosterone exogenously to young, healthy
volunteers in an attempt to accelerate the acquisition of heat acclimation.
y They concluded (18) that while the total time necessary for full acclimation
was not reduced, performance time was increased while mean rectal temperature
:ndtheart rate were reduced during the first several days of exercise in the
eat.

.
-

In other related studies Gibinski et al. (69) administered 1.25 mg
. aldosterone acetate or 0.5 and 1.0 g Aldactone (spironolactone) before
. exposure to a hot, wet (489/400C, db/wb) environment and measured several
' sweat variables during the heat exposure. They (69) observed no effects of
either intervention on sweat chloride, sodium, and potassium (K). While

iy urinary Na/K ratios were decreased by heat exposure and heat exposure plus

;g aldosterone administration, the antagonistic effects of Aldactone on

R aldosterone prevented Na conservation and urinary Na/K ratios were unaffected
ﬁ; (70) 1n this trial. Since Aldactone affected urinary sodium conservation

while sweat sodium concentrations were unaffected by this treatment, these
workers concluded that the mechanisms of action in the sweat glands and
kidneys “differ entirely".

5 When Zgoda et al. (168) exposed 10 test subjects to 49°C for 2 h/d for 5 d
! and administered VP intranasally to 5 subjects daily, they reported that the

! VP-treated group manifested decreased rectal temperature (Tre) and heart rate
during the heat exposure. In a related paper (11) a 10 min work interval was

;d added at the conclusion of the 2 h heat exposure, and they observed no effects
w on sweat rate while "psychophysiological® improvement was noted in subjects
an receiving &he peptide. Senay and van Beaumont (153) injected vasopressin
hﬁ (Pitressin®™) intramuscularly before a final hour of heat exposure with water
* replenishment and observed no effects of VP administration on evaporative
N water loss while urinary water 1oss was reduced in both subjects. Ratner and
Y Dobson (127) had earlier reported that VP administration and heat exposure
gk elicited a marked increase in urinary osmolality with no changes in sweat
M osmolality. In a more recent paper Gibinski et al. (71) also administered VP
ga to a group of volunteers and observed no effects on sweat rate, osmolality,
Iy and electrolytes. 1In the latter experiments (71) no effects on urine
osmolality were reported. Thus, despite a significant number of

o investigations, uncertainties persist with respect to the effects of
o exogenously administered hormones on the volume and chemical composition of
‘5; : both sweat and urine. o
i'|.
w Clearly, these sometimes divergent observations, especially with respect

. to exogenous VP, underscore the fact that the control of fluid and electrolyte
H balance in higher organisms 1s an extremely complex and exquisitely controlled

‘ system involving certainly not only hormonal, but also neural and other

gg physiological tactors (106). This topic has been the subject of frequent and
B extensive reivews and 1s well beyond the scope and intent of the current paper
e (For general reviews see: 9,13,81,97,128). 1In addition, there are several

earlier reviews available which readers might wish to consult concerning water
2 and electrolyte balance and metabolism during sedentary or active exposure to

7 hot environments (23,28,46,80,112,166). Although Doucet (40) has recently
vﬂ noted that there are over 20 hormones controlling kidney function and
0 regulation, most of these have not been investigated for their potential
L?- impact in controlling fluid and electrolyte balance during heat exposure.
i
e Generally, 1t has been concluded that sedentary exposure to or exercise in

a hot environment for at least 1 h by non-acclimated individuals without fluid
N replenishment 1s usually accompanied by a reduction of the interstitial and
oy plasma volumes (S6) and a significant loss of Nat in sweat (100).
Additionally, blood flow 1s redistributed from the visceral circulation

.. - - - - I L T LT LY E N E T I N LT EYEFN T B R B
AN OO O U AT Lol ‘b YL A } ) '\*"'q. s 3 A



et Eoer ot Bk 2% 0ot et £at 22t B Aa® 5.t BaB @al Bal dad dal'h 4.8'0.8'¢ 8% 42 42 $%2 &% " e A B AV Ata AV AV Aba Aks AV RS,

(135,136) to the exercising muscles or skin surface for heat dissipation. The 3 o

early decrements in plasma volume (83) and renal blood flow (143) stimulate e
the activity of the renin-angiotensin system (47,52) as well as the synthesis )
and release of aldosterone (34,37) (Fig.l). If a heat/exercise regimen s o
maintained for at least several consecutive days, stimulated aldosterone (A) "
. and vasopressin (VP) secretion will effect precipitous declines in urtnary o
volumes (23,46) in euhydrated and, especially, hypohydrated individuals and $
Nat excretion in the urine (62) followed soon thereafter by significant ¥
decrements in sweat Nat* (12). Because of the marked reductions in sweat and
urinary Nat 1oss, Nat balance may be rapidly re-established even in the W
presence of only moderate levels of Nat consumption, and this may contribute 'ki
to the beginnings of plasma volume (PV) expansion associated with heat o
acclimation. 5
A
If daily exercise in a hot environment persists, water and electrolyte
equitidbrium 1s usually fully re-established after approximately 1 week of the X%
exercise/heat regimen (6) as long as fluid and electrolyte replacement is A
adequate. Certainly by this time sweat and urinary Na* losses have been o\
minimized even while sweat volume has been significantly increased (160), by
urinary output 1s adequate but attenuated, and resting PV may be expanded over o
a broadly reported range, e.g. 7% (15), 15% (85), and 23% (147) while total
body water may be expanded by approximately 6% (32). The magnitude of the N
hormonal responses and adjustments which help to maintain fluid and 5@
< electrolyte balance during acute or recurrent sedentary heat exposure or Q?
exercise in the heat may be affected by the acclimation (or training) status )
of the individual, the hydrational status, the nutritional status (expecially ¥l
with respect to electrolytes), the duration and intensity of the stress, as ji
well as additional variables which may be introduced by the actual oy
experimental scenario. In this chapter we will attempt to consider each of *
the important factors relevant to the hormonal control of or the hormonal &5
response to electrolyte and fluid perturbations during sedentary or active )
exposure to heat stress. i
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N1 sample was taken after 25 min. zest at 40°C, the secord (N2 sample $ » n :
after 30 min intermittent exposure to a hot bath (40°C), ll'd( ﬂ)n final 0-:1“. “teatio <ol
(43) during the final minute of 10 min continucus exercise cn a bicycle - 2
ezgametar (40°C, 75W). The rest intarval, hot bath, and exercise period were -_':
contiguous. The blood sazples were taken on altarnate days during an 11 4 o
heat scclimation program. Mean values for 6 youny adult males are depicted. ‘bution/
Results of this study erphasize the importance of exercise (N3), with its iability Ced
concurzent iversion of blood flow fram the viscera, in stimulating the 1ARALILY Ledes

bicsynthesis and reducing the clearance of PRA and PA. (Redrawn fram: Davies Avall and/er &"
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Pig. 2 Rffects of intense heat (85-30°C) on plasma renin activity and
aldostercne levels in 6 healthy adult males vho wers experienced sauna
Msan valuss ¢ XM are depicted. Venous blood sarples were taken
noted while subjects remained sedentary.

lmianwth;m Iq::::um :t.x d!(.:gclon of blg flow from ‘ﬂlt rc:‘.l bed in
increas ] gres Tesponse PA implicate genezalized
sdrencoorti c effect. (Redrewn from: m& ot al., J. o
Physiol., €1, 323, 1976 with pemission of the publisher)

SEDENTARY HEAT EXPOSURE

Perhaps the most rapid sedentary exposure to heat stress eliciting
significant alterations in hormones controlling plasma volume was reported by
a Helsinki group using conditions “typical of a Finnish sauna bath". Kosunen
et al. (108) and Adlerkreutz et al. (2) reported the hormonal responses of
experienced sauna users to 20 min exposure at 85-900C. Their results
indicated that just 10 min after exposure to the intense heat stress, levels
of plasma renin activity (PRA) and angiotensin Il were significantly
increased; increments in plasma aldosterone (PA) levels were delayed until 20
min after exposure with even greater elevations observed 0.5 h after
completion of the heat stress. Generally, hormonal levels had returned to
control ranges 6 h following heat exposure (Fig. 2).

These extremely rapid hormonal responses suggest that fluid shifts and
shifts in blood flow-cardiac output distribution are stimulatory to
endocrinological responses in the absence of notable fluid loss. Rowell (134)

has estimated that skin blood flow can be increased to 7-8 L/min during severe
heat stress, and concluded that splanchnic vasoconstriction was initiated
primarily by the sympathetic nervous system since increments in PRA occur
concomitantly with elevations in heart rate and plasma norepinephrine levels.
Baroreceptors may be initfally involved followed by the activation of volume,
osmo-, and thermoreceptors as the stress persists eliciting plasma volume
decrements, osmolality increments, and elevations in core temperature.
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effect significant elevations in both PRA and PA. In their earlier report
Kosunen et a1.(108) indicated that no changes occurred in PV as estimated from
hematocrit, hemogiobin, and plasma protein (PP) values. The rapidity of the
hormonal changes in these studies is noteworthy; just 10 min after intense
heat exposure, circulating indices of fluid and electrolyte conservation and
splanchnic and renal vasoconstriction were evident. The spontaneity of these
responses suggests that increased circulating hormonal levels can be elicited
by reduced hepatic and renal clearance in addition to accelerated biosynthesis
of these hormones. Collins et al. (26) have reported that the metabolic
clearance rate of aldosterone was reduced from 77 L/h to 57 L/h when deep body
temperature was raised by 1.089C. The effects of acclimation on the clearance
of fluid and electrolyte regulatory hormones have not been assessed (25).

Rocker et al. (132) extended the heat exposure (70-759C) to 4 h with a 10
min interval at 19-21°C during each hour. With no fluid replenishment this
test scenario effected a dehydration of 2.4 kg or 3.4% of pre-exposure body
weight. In addition to observing a 100% elevation of plasma vasopressin (PVP)
at the end of the heat exposure, which was further increased to approximately
160% 90 min later, they also reported significant increments in plasma
osmolality and concomitant decrements in plasma volume, thus emphasizing the
importance of the duration of the stress in affecting physiological responses
and the impact of fluid loss 1n addition to fluid shifts in eliciting marked
hormonal elevations. Earlier, these workers had employed the same
experimental protocol (133) to show that untratned women manifested smaller
reductions in plasma volume than men.

While sedentary exposure to sauna temperatures thus elicited rapid and
intense alterations in circulating hormone levels when large shifts in fluid
volumes and blood flow distribution were occurring, much of the experimental
work in humans as well as higher animals has been accomplished under much
Tower ambient conditions. Szczepanska-Sadowska (161) used pre-implanted
thermodes near the pre-optic area of dog forebrain to raise brain temperature
by 1.59C in the absence of generalized heat stress and remarkably observed 10-
fold elevations tn circulating VP levels just 10 min after heating. Eisman
and Rowell (43) exposed 6 male baboons to environmental temperatures ranging
from 42-490C and observed 24% reductions in renal blood flow per OC rise n
core temperature giving rise to 98% increments in PRA per OC elevation. This
same group of investigators would later (47) use human subjects in water-
perfused suits to show that raising Tre by 1°C elicited increases in PRA of
135% and in splanchnic vascular resistance of 73%. B-blockade, induced by
propranolol administration, reduced PRA, but elevations in splanchnic vascular
resistance were less affected. These investigators speculated (47) that while
PRA s effective in eliciting visceral vasoconstriction when heat stress is
mild, increased stress intensity may stimulate sympathetic nervous system-
induced vasoconstriction. Rowell (134) later hypothesized that angiotensin 1I
may have more marked effects on the renal vs the splanchnic circulation.

Thus, in the absence of exercise, exposure to heat stress is accompanied
by reduced urinary fluid and electrolyte loss partially under the tnfluence of
increased PRA (43,47,49) and aldosterone (49,55). Simultaneously, cutaneous
vasodilation, occurring 1n humans generally over the entire surface of the
body from the lower extremities to the cheek and ear region (148), permits the
increased peripheral blood flow provided by the enormous increments in cardiac
output which results in similarly increased evaporative, radiative, and
convective heat 1css under appropriate conditions. Of course, in the passive
mode the absence of increased metabolic heat production from muscular activity
results in comparably lower sweat rates to maintain thermal equilibrium under
specified conditions of ambient temperature and duration of exposure.

Elizondo et al. (44) used an env1rgnmental temperature of 36-40°C to
induce sweat rates of up to 0.65 mg/cm¢/min, and reported that while sodium

Dumoulin et al. (41) used an 80°C environment and 20 min exposure time to s
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concentration (Na) increased with increasing sweat rate, the potassium o
concentration (K) of the sweat was reduced. These investigators (44) used j.
local skin heating (to 420C) and arterial occlusion to increase or decrease, X3
respectively, sweat output, but did not speculate on the control of §§
electrolyte 10ss in the sweat. Harrison (82) tnvestigated the effects of 2 h W
sedentary exposure to 48°C, and observed that while plasma Nat and Kt were W
unaffected, there occurred a linear decrease of water from the intravascular o
space which could be correlated with either increasing hematocrit or protein »
concentration. Additionally, van Beaumont et al. (164) used similar by
conditions (sedentary, 459C, 3 h) to demonstrate that thermal dehydration h
(1.9% loss in body weight, bw) was accompanied by proportionately greater ¢;
reductions in plasma volume (5.9%) than heat stress alone. These §¢
investigators (164) concluded that the dynamics of hemodilution and "

hemoconcentration during sedentary heat exposure may be related to the onset
of sweating, initial sweat rate, and total sweat loss.

To this point, the results from studies using initially euhydrated human
subjects in climatic chambers, sedentary exposure to heat ranging from
moderate to intense, and durations ranging from a fraction of an hour to o,
several hours indicated that hormonal adjustments conducive to fluid and -
electrolyte conservation are generally rapid and consistent. Surprisingly, R
Candas et al. (20) showed that marked hidromeiosis (reduction in sweat rate il

VT due to skin wettedness with prolonged sweating) during repeated exposures to !&2
hot, humid conditions did not elicit any changes in PA, PRA, or PVP. During h}
active heat dissipation in the passive mode, visceral blood flow is attenuated .45

and the peripheral share of cardiac output 1s increased to as much as 60% of
the total (134). Despite the hormonal adjustments designed to conserve fluid

and electrolytes, dehydration may occur and plasma volume may be noticeably ;ﬁ
reduced 1f fluid replenishment 1s inadequate or heat stress is intense and o0y
prolonged. @
W L
EXERCISE IN THE HEAT ;.

5

| When physical exercise is added to the stress of the hot environment, then :~4
i the cascade of endocrinological and physiological adjustments necessary to ~
) meet metabolic and thermoregulatory demands 1s increased. When we exercised g;
rats in the heat (359C) and removed a blood sample for analysis when Tre P
reached 409C, we observed significant elevations in PA in this sample which ii

was taken just 8.25 min (mean) after the initiation of exercise (61). 1In
humans increased cardiac output and blood flow to sustain the metabolic
demands of the working muscles must be partially distributed aiso to the skin
surface for sweat secretion and evaporation; the percentage of cardiac output
to each may be determined by the work intensity and the ambient temperature.

- In any event, the surfeit of deep body heat, which can raise core temperatures

e P,

© PP
[ %=

to injurious levels, must be transferred to the periphery for radiative, :
convective, or evaporative dissipation. To meet the enormous demands placed &
upon the cardiovascular system during exercise in the heat (120) in man or o
animals, plasma volume must be protected and sustained. Fortunately, healthy '
humans ordinarily possess physiological and endocrinological mechanisms to .
defend plasma volume, reduce electrolyte 10ss, promote heat loss, and o
attenvate physiological strain during work in the heat. =
S
Even at apparently moderate, but unspecified, environmental temperatures, )
Convertino et al. (30) observed that increasing the workload (bicycle- :ﬁ‘
ergometer, 100, 175, 225 watt, W) among 15 healthy male test subjects eticited o
Vinear (with workload) increments in PRA which were significant at all three ‘i
work intensities. Circulating VP, however, manifested a more curvilineur
increase which was markedly elevated at the highest work load. Decrements in s
plasma volume were also linearly (inversely) correlated with workload (-3.7% y:
at 100 to -12.4% at 225 W). While changes in circulating Nat concentration Iy
and osmolality were closely correlated with changes in VP, these variables §§
were not correlated with PRA. These results indicate that PRA responds :‘
S%!
N
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2@ Vinearly to the reduction in renal blood flow due to the diversion of cardiac 7

output to the exercising muscle mass. However, PVP release may be more
closely correlated with elevated osmolality and plasma sodium levels. When

;2: the same group of investigators (31) later studied the effects of training on
13 the responses of many of these same variables at an ambient temperature of
K 250C, they reported that training increased resting PV by 12.3% although
N resting baseline levels of PRA and PVP were unaffected by training. Further,
they demonstrated that the increments in PRA and VP during exercise observed |
o prior to training were attenuated by the training regimen. The effects of
k. training on plasma protein concentrations and total circulating protein were 1
) not evaluated. It is noteworthy that, subsequent to training, the percentage ‘
) decreases in plasma volume were reduced following 175 W and 225 W exercise
Ay (31) since total PV was increased by the training regimen. Also, because of
h the increased Y02 max (11.2%), each workload represented a lowered relative
0 intensity (X Y02 max) and therefore a decreased physiological strain on the
" test subjects. This is certainly suggestive evidence that the magnitude of
Wy the response of the fluid regulatory hormones may be affected by the relative
:f‘ exercise intensity and the plasma volume itself.
{@ Interestingly, when Finberg et al. (52) compared the responses of adult
) males to walking in the heat (level treadmill, 1.3 m/s, 90 min, 509C) during
w the summer and winter months, they observed again an attenuated response of
f PRA during the summer trial which may be related to the increased plasma
§§ volume of natural acclimatization during the summer months. They also
}% reported (52) that replacement of the estimated fluid loss during the 90 min
N walk with water and NaCl reduced the intensity of the PRA response pattern in
4 out of 5 subjects (Fig. 3), thus indicating probably that fluid
: replenishment helped to sustain renal blood flow, albeit at reduced levels.
o When Costi11 et al. (33,34) used exercise (60 min, 60% Y0, max) at 30°C to
‘o study urinary sodium loss, they observed that levels of PRA and PA were
oY elevated during and immediately following exercise in the heat, and returned
‘el to control levels usually by 6-12 h following exercise completion.
Additionally, they reported that this scenario consisting of a single exercise
; interval was effective in reducing urinary Na* and Cl1- concentrations for up
o to 48h, presumably due to the effects of the single elevation in PA levels
"z subsequent to exercise. . : e
s wirm iy
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3 Pig. 3 Effects of natural acclimstization and salt replacement on the
_ﬁ responses Oof PRA to treaduill exercise st 25°C and 50°C in healthy, male
o volunteers. Individual data are depicted. In each section pre-values (on the
TR 1eft) are connected to post-values (on the right). Sumer trials were
b conducted in Septenber and October while winter tests were executed in
™ Decertber and January. Salt ingestion was based on the estimate that the Na®l
g content of sweat lost was 400 mg/100 ml, and replaced at 15 min intervals .
during the 90 min walk at 4.7 km/Mh. The increased intravascular volume of
T summer may blunt the PRA response in comparison to the winter trial as the
¥y ¥aCl ingestion relieves the demand to replace the NaCl lcst in sweat. (Redrawn
. A fron: Pinberg et al., J. Appl. Physiol., 36, 519, 197 with permission of the
v,$
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Similarly, when Orenstein et al. (122) exercised normal young adult test bty
subjects at 50% VO, max at 37°C, also for 90 min, they observed significant :
elevations in PRA and PA immediately subsequent to exercise, and these 2
increments contributed to marked reductions in urinary Nat loss with no Q~
effects on serum Na*. Alternatively, in these studtes (122) cystic fibrosis g
patients manifested normal hormonal responses to heat/exercise stress and U
similar reductions 1n urinary Na+, but serum Na* levels were also reduced, ~
probably due to excessive 10ss in sweat. Interestingly, the cystic fibrosis b
patients, who can and do manifest the phystological advantages of heat 5
acclimation (123) yet respond to heat stress with an increased loss of sweat g
Nat and C1- (122), thus demonstate normal responses to exercise in the heat o)
with respect to PRA and PA. iy

Therefore, during exercise in the heat hormonal responses directed at
fluid and electrolyte conservation are rapid and intense with probabile .
persistent effects, and may be partially responsible for the defense of body ¢
water and extracellular fluid which help to maintain the efficiency of the ot
cardiovascular and thermoreguiatory systems. In one of the very few studies o
which has quantitated fluid- and electrolyte-regulatory hormone levels after
heat injury, Aarseth et al. (1) observed significant elevations in PRA and PVP
at rest following incurrence of the injury in 6 athletes who suffered

heatstroke with Tre 1n excess of 42.00C. A
When humans exercise in the heat even for relatively brief intervals, %ﬁ
thermal sweating without flufid replacement is accompanied by general ol
decrements in body weight with proportionately more intense reductions in ii
plasma volume. Diaz et al. (38) fnvestigated the effects of posture on plasma
volume changes during rest (45 min) and exercise (45 min) in a hot z
environment. Subjects worked on a bicycle ergometer (30% and 45% VO max, %
49.59C), 1in the upright, low-sit and supine postures without fluid e
replacement. During the total heat exposure, plasma volume was reduced by 20% w1
- in the upright, 16.1% in the low sit, and 13.3% in the supine positions with &
no differences noted between work loads. Body weight was reduced by only 1.3- %
1.4% in these experiments, thus eliciting substantial ratios in the percent N
decrease in PV versus percent decrease in body weight. No effects of posture 3;
- were noted on either plasma protein levels or osmolality suggesting an N
isooncotic and fsoosmotic fluid shift out of the plasma space, and, )
unfortunately, hormonal responses were not assessed. i.
When Harrison et al. (86) exercised adult unacclimated males for 50 min at Al
420C and 3 months later at 309C using the same experimental protocol without o
fluid replacement, they observed decrements in plasma volume of approximately )
10-12% by the end of the exercise period in the fluid deprivation experiment. "
However, during a sedentary 50 min recovery period PV recovered to control or e
near control levels (depending on the method of calculation). These ’
investigators (86) concluded that, as proposed by Senay (144, 145), the return ;2‘
of protein to the intravascular space via the lymphatic system during exercise -]
and probably also during recovery contributed to an elevated oncotic pressure. "o
This osmotic force in turn promotes water influx into the intravascular space D
at the expense of other fluid compartments. The same group (83) used radio- 3
fodinated serum albumin to confirm that, following exercise, protein was o
transferred to the intravascular space more rapidly than it was lost through vy
capillary permeability. 3
g
Senay and Fortney (149) compared the responses of untrained females to 5
exercise (ergometer, 30% Y0, max) at 16-200C and 45°C and observed a PV )
decrement of nearly 13% in the thermoneutral environment and nearly 18% in the q
heat. While plasma protein increased markedly during the thermoneutral trial, oy
no such increment was observed during the heat trial. This led Senay and ?*;
Fortney (149) to conclude that the increased perfusion and, perhaps, ’
permeability of the cutaneous capiilaries, far more extensively perfused 3
during exercise in the heat, counteract the retention or accumulation of ;
3
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‘ intravascular protein during the heat/exercise regimen. When Greenleaf et al. G
o (76) used 45% V02 max and 40°C Ta as an exercise/heat stress, they observed
i decrements in PV of approximately 11% after 60 min. Thus, it is clear that,
despite the hormonal responses which favor fluid and electrolyte retention,
plasma volume 1s nonetheless decreased during acute heat/cycle exercise
stress. When such loss of body water results in frank hypohydration, then the
physiological and endocrinological adaptations conserving fluid and
electrolytes become even more crucial to the prevention of heat/exercise

1 fnjury (1) and maintenance of physical performance (5).

ﬁ‘.. .

i? The results indicate that passive heat exposure, exercise, and exercise in
! the heat are all rapidly and variably stimulatory to increased circulating

o levels of PRA, PA, and PVP. PRA may be stimulated most effectively by a

reduction 1n renal blood flow secondary to increased muscle or skin blood
sk filow. PA apparently may be initially elevated by generally increased

§§ adrenocorticotrophic activity secondary to exercise/heat stress while PVP,

W initially elevated by acute heat exposure or exercise heat stress, may be more
ny severely affected by increased plasma Nat, osmolality, or decreased plasma

o - volume secondary to hypohydration.

e HYPOHYDRATION

‘tl [0

AS: ; For those readers interested in the comparison among species, the apparent
,Sx universality of the endocrinological responses to heat/hypohydration has been
K confirmed in a wide range of experimenta) animals. For example, Kei) and

' Severs (98) observed in rats that 48 h of water deprivation was effective in
sl eliciting marked elevations in plasma vasopressin levels, but these increments
sy : were attenuated with increasing weight of the experimental animals. Further,

: they reported (98) that the imposition of a non-thermal secondary stress
' (ether, acceieration) tended to reduce the elevations in PVP effected by

e hypohydration. Kenyon et al. (99) observed that when 1 ug/d of aldosterone
was administered to adrenalectomized rats, the animals produced a small volume
v of more concentrated urine and plasma K* levels were increased. When rats
b were passively exposed to an ambient temperature of 40°C, PYP levels were
& increased and the increments were surprisingly exacerbated by propranolol
Lot treatment (77). Arad et al. (4) examined the hormonal, fluid, and electrolyte
W responses in domestic fowl and noted that hypohydration (13% bw, 48 h water
' deprivation) increased PA, PVP, Na*, and osmolality, all of which were
o exaggerated when hypohydration was combined with heat exposure (final ambient
o 1 = 429C) and attenuated during a rehydration interval (30 min); however, heat
k% P exposure alone had no effects on these variables. During hypohydration and
9; : heat exposure, core temperature increased to 43.79C from 42.80C (heat alone);
e simtlarly, plasma osmolality increased from 319 to nearly 360 mosm/kg,
respectively.
‘.‘. ol
‘5; Interestingly, Thrasher et al. (163) reported in dogs that 24 h of water
KD - deprivation (. 5% body weight loss) caused significant elevations in Nat,
" osmolality, PYP, and PRA which had returned to control levels after 1 d of
S rehydration. Alternatively, PA was not significantly affected during
dehydration, but peaked at 24 h of recovery. They (163) attributed this 24 h
“a peak to a decrement in plasma Nat occurring upon rehydration which was
Lk countermanded by this PA response, and hypothesized that a natriuresis during
sq hypohydration helped to reduce the magnitude of the increments in plasma
K osmolality. However, using hyperhydrated goats Augustinsson et al. (8)
W reported no increments in excretion of VP and a decrease in PA during acute
) heat exposure (450C); they attributed these observations to the significant
5 respiratory alkalosis which developed by 60 min in this species.
9
:g Finally, even in animals as large as domestic cattle, El1-Nouty et al. (45)
1 reported that acute (8 h) heat stress (35°C) elicited a mean elevation in Tre
b of 20C and a significant elevation in PVP which was further increased when
' water was withheld for 30 h. During 24 h of heat exposure PA levels were
wh
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significantly depressed in these experiments (45), and recovered toward
control levels during dehydration. Again, they attributed the decrement in PA
to the increased plasma Na* observed during heat stress. Thus, although the
responsivity of the plasma hormones to hypohydration has been validated in a
wide range of experimental species, the vast majority of this research has
been accomplished using human test subjects.

In humans the effects of hypohydration during heat exposure and exercise
in the heat have been extensively documented. Even in well heat-acclimated
subjects, Strydom and Holdsworth (159) observed that during work in the heat
increasing severity of hypohydration (3-5% and 5-8% body weight decrements)
caused exaggerated increases in rectal temperature and heart rates while sweat
rates were reduced. In these studies optimal performance (i.e. minimal
physiological strain) was observed when test subjects were compelled to
rehydrate at 15 min intervals; it is generally belfeved that complete
rehydration, even when palatable and potable fluids are conveniently available
and drinking is encouraged, is ordinarily delayed during and immediately after
exercise in the heat - a phenonemon termed voluntary dehydration (74).

The increased physiological strain of hypohydration partially results from
the significant decrements in PV and increases in osmolality which usually
occur concomitantly with hypohydration, resulting in decreased sweat rates and
reduced skin blood flow (138). For example, Saltin (138) observed that
hypohydration, elicited by thermal exposure to a 5.2% reduction in body
weight, may be accompanied by reductions in plasma volume by as much as 25%.
He (138) further noted that the decrements in PV were accompanied by
significantly reduced endurance capacities and maximal blood lactate while
cardiac output may be majntained by increased heart rate. Costill and Fink
(36) compared the effects of thermal- and exercise-induced hypohydration, and
reported that at 4% body weight 1oss PV was reduced by 16-18% subsequent to
either form of dehydration. In our own experiments induction of hypohydration
(3-7% body weight) 1s ordinarily followed by a period (12-16 h) of inactivity
before experimentation during which fluid is redistributed to the plasma, yet
PV's consistently decrease by 5-15% (139-141).

When we dehydrated men by 5% bw, we observed significant elevations in PRA
and PA in blood samples taken prior to exercise; subsequent exercise in the
heat reduced PV even further and PRA and PA were enhanced during hypohydration
trials while the increases in PRA were modulated by acclimation (64) (Fig. 4).
In a more recent study (65) in which we reported the effects of 3,5, and 7%
hypohydration on circulating hormone responses, we observed that increasing
the tntensity of hypohydration from 3% to 5% was usually accompanied by an
increased elevation in PRA and PA; however, between 5 and 7% hypohydration,
where no further decrements in PV were observed (141), we 1ikewise noted no
additional increments in either PRA or PA (Fig. 5). Consistent with these
results Von Ameln et al. (165) demonstrated that, following thermal
dehydration, PVP increased from 2.1 to 8.1 pg/ml, but this elevation was
attenuated to 4.7 pg/mi by head-out water immersion. They attributed this
attenuation of PVP response to "central hypervolemia® effected by water
immersion.

When the same group (101) examined the effects of hypohydration induced by
prolonged exercise (27-32 km) on PRA, they reported that four-fold fncreases
in PRA levels 50-60 min after the completion of exercise were reduced to
nearly control levels about 1 h later and following food and fluid
consumption. In a separate experiment (16) subjects were exercised in the
heat (349C, 85 W, 4 h) with no fluid replacement, with water replacement, and
with NaCl-sucrose consumption (Fig. 6). During the exercise interval levels
of PA, PRA, and PVP were progressively increased during the "no fluid" trial;
however, with either water or NaCl-sucrose replacement, increments in PRA and
PVP were abolished. While water consumption attenuated the increment in PA
elicited by no fluid replacement, NaCl-sucrose blunted this response even
further, and after 4 h of exercise in the heat, levels were not different from
controls.
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| Fig. 4 Effects of hypohydration (S\ bw) and scclimation on plassa renin A
- activity and aldosterone levels during exercise (four 25 min/10 min work/rest o
' cycles, level treadmill, 1.34 m/sec) in the heat (49°C, 208 zh). Mean levels X
‘ + SBM) are depicted for 8 young adult male and 8 young adult fezale test
‘ jects. Blood was taken prior to and approximately 15-20 min into the lst, N
24, and 4th exercise intervals. The increased plasma volume of acclimation may )
help to maintain renal blood flow and repress the PRA response. The effects '»
of hypohydration are most notable pre-acclimation (time 0). (Redrswn from:
Francesconi et al., J. Appl. Physiol., 55, 1790, 1983 with permission of the
‘ publisher) 5
Thus, the evidence seems to favor strongly a rapid and marked elevation in 9
circulating levels of fluid- and electrolyte regulatory hormones when
heat/exercise exposure induces progressive dehydration or a targeted level of .
hypohydration precedes the heat/exercise exposure. These responses may be g
related to increased osmolality, decreased plasma volume, or perhaps decreased
blood pressure. While the responses of PVP and PRA have been consistent and
unidirectional, there is some evidence that the control of aldosterone
secretion may be superseded by the increasing Na* concentration which also may
accompany hypohydration. In fact, reports on the influence of electrolyte
supplements during heat exposure and exercise in the heat, the effects of
prior high or low dietary consumption of electrolytes, and the experimental
depletion of electrolytes provide a framework to investigate further the
mechanisms and control of hormonal responses to heat/exercise stress.
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;: e Fig. 5 Effects of graded o .
N . ects of gr hypohydration levels (0-7%) on PA during exercise in
:: the heat in 6 highly scclimated young adult male test subjects. Mean valuss +
' SEM are depicted. Mypohydration to the appropriste level wes accomplished by

£luid denial during exercise in the heat during the afterncon prior to the
morning of the test. The exercise intervals correspond to 4 consecutive
exercise periods (25 min, level treadmill, 1.34 m/sec, 49°C) interspersed by
10 min rest pericds. Time 0 blood samples were taken after sujects rezained
upright in an antechamber (20°C) for at least 20 min. Pive and 7%

‘ hypohydzration elicit similar elevations in resting PA levels; it is notewcrthy

: that PV were reduced to similar degrees by 5 and 78 hypchydration indicating

i the role of wlume receptors in controlling the endocrine responses. (Redrawn

fram: Francesconi et al., J. 1. iol. 59, 1855, 1985 with }
of the ; . Appl. Phys ) ’ permission

", ELECTROLYTES

z' | In his review on fluid and electrolyte balance during exercise in hot
‘ environments, Halim (80) concluded that 3 g of salt should ordinarily be
ingested for each 1iter of sweat loss. If the exercise intensity and the
! ambient temperature are sufficiently high, then 1t 1s not unusual that 6-12 L
to. of sweat/day may be secreted requiring, accordingly, 300-600 mEq NaCl for
replacement. However, in their more recent review, Epstein and Sohar (46)
surveyed a variety of reports in the 1iterature which suggested that well-
- acclimated individuals can tolerate work in the heat with NaCl intakes even
K less than 100 mEq/day. Of course, several early reports had confirmed that
the acquisition of acclimation is accompanied by a striking ability to secrete
L. increased quantities of a more dilute sweat (39,130,131,162). The requirement
‘ for salt replacement during repeated or prolonged exercise in hot environments
‘. is dependent upon the individual's acclimation status as well as the normal
i amount of dietary salt to which the test subject or population may be
accustomed.
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Pig. 6 Effects of intermittent exercise in the heat (34°C) on plasms renin
activity, aldosterons, and vascpressin., Exercise consisted of four 25 min/5
mnin work/rest cycles followed by four 20 min/10 min work/rest cycles at
sprroximately 85W. Three separate trials weze evaluated: KO FLUID, exsrcise
was accoplished with no fluid intake during the trialj WATER, 80\ of the
weight loss was replaced with spring water; 180, 808 of the weight loss was
zeplaced with an isotonic sclution of sodium, chloride, potassium, and
sucrose. Mean valuss (#SEN) are depicted for a group of 5 unacclissted young
men. Asterisks {ndicate significant difference fram the 1 h value (<0.05).

(Redrawn from: Brandenberger et al., Bur. J. Appl. Physiol., 35, 123, 1986
vith pemission of the publisharx)

When Smiles and Robinson (157) examined the effects of recurrent exercise
in the heat (100 min, 1.58 m/s, 45°C) on young adult males in negative salt
balance induced by dietary manipulation, they reported 3-6 fold increments 1in
24 h output of urinary tetrahydroaldosterone; this was accompanied by apparent
10-20-fold reductions in urinary Nat. When the same experiments were repeated
with the subjects in positive salt balance, both urinary tetrahydroaldosterone
and Nat were at control levels suggesting that the magnitude of the sodium
conservation response during acclimation is dependent upon exogenous Na*
availability. Shortly thereafter, Bailey and co-workers (10) placed 12 young
adults males on high (>300 mEq/d), normal (182 mEq), and low (12 mEq) Na+
diets during 3 consecutive weeks. Following the normal and low dietary
intervals, heat stress was induced by sedentary exposure to 46-51°C ambient
conditions and PA and PRA were assessed before and after the heat stress. The
Jow-Nat diet elfcited significant increments in both PA and PRA in the pre-
heat samples, and the heat exposure increased the levels of both hormones
following either dietary regimen though the elevations were more notable
during the low salt trial. Interestingly, they noted that packed cell volumes
were unaffected by thermal stres, and concluded that high thermal stress, per
se, is a potent stimulator of renin and aldosterone secretion. In fact, these
workers suggested that the level of heat stress elicited by sedentary exposure
to approximately 500C might be utilized as a marker of the normal response of
these endocrine systems (10).

Recent results have generally indicated that exogenous salt loading does
not markedly enhance the acquisition of acclimation or reduce the
physiological strain of work in the heat. Although Armstrong et al. (6)
observed several sporadic advantages to consuming a high sodium diet during
acclimation to heat, Konikoff et al. (107) reported that salt supplementation
in fully acclimated subjects provided no benefits during work in the heat

A S ARSI R eyt AT S T A T T




_“afap?

R R R R A L LN U LW W LMW MWL SO PO Y e YO0 O S PO O PO R RO PO R v oy O Bat Ba¥ §a® Du’ Ba® ol Bat fu¥ By
Wt g i » A
o B s ot

while PA levels were repressed and PRA was unaffected. Earifier, Follenfus et
al. (54) had demonstrated that consumption of a low salt diet induced
significant increments in basal levels of both PA and PRA; when these subjects
were acutely exposed (90 min) to sedentary heat stress, the percent increases
in PA and PRA were similar in subjects consuming either a high salt (200
mEgNa/d) or low salt (20-30 mEqNa/day) diet. The same group (17) used
propranolol to 1llustrate a dissociation between the responses of PA and PRA
to heat stress in that propranolol reduced the PRA response to heat exposure
while PA was actually increased during the propranolol trial. We have
observed dissociations in PRA and PA responses previously in both rats (57)
and, under certain conditions, humans (65).

Likewise, when studying rehydration with a glucose-electroiyte solution or
water, Costill et al. (35) concluded that, following dehydration to 3% body
weight on 5 successive days, the glucose-electrolyte drirk did not provide any
physiological benefits to the test subjects. The authors cautioned, however,
that electrolyte balance was being maintained by adequate dietary consumption.
In fact, they hypothesized (35) that the supplementary Na* intake may have
repressed PA secretion causing more Na* and fluid loss during the glucose-
electrolyte trial. 1In addition, Nielsen et al. (119) recently reported no
significant effects of rehydration with a control, high potassium, high
sodium, or high sugar beverage; interestingly, they concluded that the high
Nat drink specifically benefitted the extracellular fiuid compartment while
the high Kt and high sugar drinks augmented intracellular fluid volume. Ikawa
et al. (96) had previously exposed volunteers to a sauna (65-70°C) for 30 min
and during a recovery period provided either no fluids, 500 m1 of an isotonic
sports supplement containing Nat, or 500 ml of water. Circulating A levels
were significantly increased by the heat exposure, and were maintained at
higher concentrations during the water or no-fluid experiment. The various
drinks did not provide any advantages in reducing physiological strain with
respect to either rectal temperature or heart rate.

The evidence is weighted heavily toward the conclusion that in the
presence of consistent dietary intake of salt, excessive salt consumption or
the ingestion of salt-containing beverages does not have ergogenic effects
during exercise in the heat or reduce the physiological cost of heat exposure.
Harrison et al. (84) noted that when 1% NaCl was ingested to prevent
dehydration, core temperatures were higher than when water was consumed. In
fact, there is increasing evidence to suggest that consumption of modest or
even low levels of salt (<100 mEq/d) is adequate to maintain electrolyte
balance when the reduced dietary intake is followed by acute or prolonged heat
exposure or exercise in the heat. Further, the maintenance of electrolyte
balance under these conditions is dependent upon the effects of increased
endocrinological activity as manifested in consistently elevated PA

concentrations when dietary NaCl intake is low, and reduced circulating PA
when NaCl {intake {s above normal.

Several of the world's population groups are able to withstand chronic
heat exposure on low salt diets (20-50 mEq/day) without apparent increased
rates of heat injury; this is probably testimony to the exquisite mechanisms
by which humans adapt endocrinologically for extremely efficient salt
conservation. From this it may be reasonable to conclude that individuals who
are at most serious risk of developing salt depletion-induced heat cramps (14)
are those who abruptly change from a high or average salt intake to a low
consumption concomitant with sustained heat exposure and profuse sweating. In
our experience we have observed this situation when large numbers of garrison
quartered troops are abruptly transferred to desert environments in the
southwestern US for field training exercises.

The effects of potassium (K) deficiency upon the ability to work in the
heat and the endocrinological responses to acute or chronic heat exposure have
been less extensively studied. Malhotra et al. (113) reported that K
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deficiency can accrue even in well-acclimated individuals when exposed
sedentarily to 40°C for 4 consecutive days, and, further, that this K
deficiency may contribute significantly to the development of heat injury. In
fact, during acclimation to heat it is conceivable that the loss of K in sweat
as well as the conservation of sodium by the kidney with attendant K loss

could contribute to celiular potassium depletion and the development of heat
111ness (142).

Knochel and his co-workers (103,104) have demonstrated that recurrent work
in hot environments may result in substantial negative K balance despite mean
daily intakes of approximately 100 mEq; these investigators also observed that
both PA and PRA, as well as urinary aldosterone were *unsuppressed® for the
quantities of Na that their test subjects were ingesting although no
explanation for the lack of suppression was offered. Alternatively, when
Coburn et al. (21) acutely exposed unacclimated, K-deficient test subjerts to
heat stress, they observed repressed urinary aldosterone excretion which they
attributed to a fatlure of plasma K to increase during heat exposure as a
result of the K depletion. Interestingly, their regimen of K depletion
(producing deficits of 230-465 mEq K) fatiled to induce consistent
thermoregulatory decrements in their test subjects. When Francis and co-
workers (66,67) used either water or a potassium supplemented electrolyte
solution for rehydration during exercise (50% VO max, 120 min, 32°C), they
observed no marked beneficial effects of the electrolyte solution; PRA and PA
were significantly reduced during the electrolyte supplement experiment.
Generally, the consensus has been that carbohydrate/electrolyte supplements
are unnecessary 1f balanced food consumption has not been curtatled (110).

When Hubbard et al. (95) used their rat model of human heatstroke (93,94)
to investigate the effects of prolonged feeding (32 d) of a K deficient diet,
they reported that exercise endurance was reduced by 37%, work done was
decremented by 49%, and muscle K was depleted by 26%. At approximately the
same time Haldy and Muller (79) had reported, also in rats, that consumption
of a K-deficient diet (2 weeks, 0.8 mmole K/kg) markedly reduced the ability
of excised and incubated adrenal glands to convert tritiated corticosterone to
aldosterone. Since the biosynthesis of aldosterone in K-deficient rat adrenal
glands could be stimulated by sodium deficiency, water deprivation, and
furosemide treatment, these authors concluded (79) that enzymes regulating the
final steps in the biosynthesis of aldosterone may be instrumental in the
control of PA levels and inhibited by potassium deficiency.

In his review Knochel (102) concluded that K deficits may be associated
with postural hypotension and syncope, reduced muscle membrane integrity, and
the development of rhabdomyolysis. While frank intracellular hypokalemia will
clearly predispose an individual to increased risk of heat injury, other
potential sequelae of acute or chronic negative K balance have not been
assessed in carefully controlled human studies. Interestingly, 1n our studies
on heatstroke in rats we have demonstrated that the intensity of circulatory
hyperkalemia subsequent to exercise in the heat was inversely correlated to
survival time (60); conversely, rats which were able to run for prolonged
periods with the achievement of a steady-state, moderate Tre (<40°C)
manifested reduced circulating K levels (59). Clearly, the relationships
between K deficits and surfeits and plasma volume, sweat secretion, hormonal
responses, Na balance, and the acquisition of acciimation in humans should be
more extensively descridbed (7).

HEAT ACCLIMATION

The effects of heat acclimation on the endocrinological responses to heat
exposure/exercise in the heat are somewhat inconsistent and variable. When
considering the number and range of experimental varfables which could
conceivably affect such responses, this is perhaps not surprising. For
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example, hydration level, acclimation status, aerobic fitness leiel. exercise '
intensity and type, ambient conditions, electrolyte balance, sampling time, ;
subject posture and a variety of other experimental variables (19) could, ¥
singly or in combination, affect test results and conclusions. Of these, the ‘
acclimation state may especially provide significant variability due to the !
range of increments in resting plasma volume which has been consistently ‘s
reported subsequent to heat acclimation. b
When Greenleaf et al. (73, 75) exercised (45% YO2 max) 2 groups of men at A
23.89C and 39.8°C for 8 d, they reported that during exercise in the heat, PRA W
and PVP levels were increased without effects of acclimation on the resting ,ﬁ
levels prior to or increments during exercise in the heat (Fig. 7). Likewise, '$
when Finberg et al. (51) measured PRA and PA following exercise (ergometer, >
40-50% Y02 max, 30 min) in the heat (50°C) for 7 consecutive days, they Ird
reported simitar PRA (9.5 + 4.4 and 8.0 + 4.7, day 1 vs. day 7) and PA (22.6 + ™
8.5 and 25.5 + 8, day 1 vs. day 7) levels prior and subsequent to ‘:
“.
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Pig. 7 Effects of heat acclimation (39.9°C, 2 W4, 8 4, ergametez, 75W) on -
plasta renin activity and vasopressin levels immediately prior (sclid line) :
¢ and subsequent (dashed 1ine) to exercise in the heat. Venous bleod samples vy
weze taken on 4 1,2,4, and § and the data represent mean levels for $ healthy s
young males. The trend toward reduced PRA over the § 4 acclimetion regimen 4id R
not achieve statistical significance although the data for PVP can be b
- interpreted in temms of an increase in PV developing Suring scclimation. The ’
continuous 2h .exercise pericd may have contributed to the persistantly high by
PRA even after acclimation. (¢ = significantly different fram day 1) (Redrewn o
fran: Greenleaf et al., J. Appl. Physiol., S4, 414, 1983 with pemmission of y
the publisher) o
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the acclimation regimen. Bonner et al. (15) had earlier reported similar "7

elevations in PA prior and subsequent to acclimation and following both a
sedentary and exercise interval in the heat. Davies and co-workers (22,37)
conciuded that an 11 day acclimation program did not attenuate the increments
in PRA and PA observed during exercise in the heat, but prior saline ingestion
did modulate these increments suggesting the more subtle effects of
acclimation vs saline consumption on endocrinological responses. When
Convertino and Kirby (32) observed a significant reduction in 24 h Na
clearance following acclimation with no changes in resting PA levels, they
concluded that renal sensitivity to PA may be increased during acclimation.

A short time later the same workers (100) demonstrated reductions in sweat
sodium loss concomitant with reductions in PA during exercise in the heat (45%
Y0, max, 409C) on day 10 vs day 1 of heat acclimation. Again, they
hypothesized that the reduced PA is compensated by an elevated eccrine sweat
gland responsivity to PA after acclimation. The pioneering work in this area
had been accomplished much earlier by Conn who reported that acciimation can
reduce the salt lost in sweat by as much as 95% (27). Finberg and Berlyne
(50) had used both natural acclimatization (exposure to summer heat) and
experimentally induced heat acclimation (90 min exercise, 50°C, 7 d) to
demonstrate generally attenuated responses of PRA and PA to 1ight exercise in
the heat when compared to the responses elicited in winter or without
acclimation. They (52) had earliier reported that not only natural
acclimatization to summer heat, but also prehydration with a NaCl solution
suppressed exercise/heat-induced increments in PRA.

Some of our own work (64,65) had also demonstrated attenuated responses of
the fluid/electrolyte-regulatory hormones to exercise in the heat following
heat acclimation. When Shvartz et al. (156) administered tilt-table tests
prior and subsequent to heat acclimation and observed 50 and 75% decrements,
respectively, in responses of PRA and PVP following acclimation, they ascribed
these decreases to the increased resting plasma volume. Alternatively, when
we acutely expanded PV by intravenous administration of hyperoncotic albumin,
we reported that during exercise (63) or at rest (58) in the heat, PA levels
were suppressed. Thus, the augmented cardiovascular stability (137, 167) and
plasma volume (151, 166) of heat acclimation may combine to lessen the
requirement and stimulus for the usual elevations in levels of fluid and
electrolyte regulatory hormones during heat exposure or work in the heat.

Knochel and Vertel (105) hypothesized that the development of the
acclimated condition is characterized by increased aldosterone secretion and
excretion. Earlfer, Fletcher et al. (53) had compared aldosterone excretion
rates in residents of the United Kingdom (15-179C) and British expatriates
1iving in Kuwait (389C) and reported mean 24 h urinary aldosterone levels of
8.7 and 13.4 ug, respectively. Knochel and Vertel (105) reasoned that the
increased aldosterone secretion and excretion of heat acclimation could effect
excessive urinary K 10oss and suggested that less vigorous NaCl replacement
(especially in the form of salt tablets) may be appropriate in reducing
electrolyte disorders, polyuria, and circulatory hypokalemia.

However, since these earlier suggestions that increased aldosterone
secretion and activity may be necessary for the acquisition of heat
acclimation (53,68,105), more recent evidence indicates that acclimation and
aerobic exercise training (117) are accompanied by an increased sensitivity
and responsivity to endocrinological effects at the sites of both central
control (118,129) and peripheral effectors (32,100,151). The majority of the
data suggests that subjects who are fully heat acclimated respond to heat
exposure/exercise in the heat with similar or attenuated levels of PVP, PA,
and PRA when compared to thefr non-acclimated counterparts. Such responses
appear to be consistent with the increased plasma volume, decreased
physiological strain, increased perfusion of viscera, and electrolyte balance
associated with heat acclimation.
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The thermoregulatory and cardiovascular advantages of increased plasma
volume and total body water in reducing the physiological strain of exercise
in the heat have been investigated and recognized for decades. Moroff and
Bass (115) used the same test subjects in two experimental trials (90 min
treadmil) exercise, 499C, 1.58 m/s), once after preingestion of 2000 ml water
and once without preingestion. They reported (115) that hyperhydration
resulted in lower Tre, heart rate, and increased sweat secretion during
exercise in the heat. Much later, Fortney et al. (56) studied the effects of
hypovolemia (diuretic-induced) and hypervolemia (atbumin infusion) on blood
volume and sweating responses. They observed that hypovolemia (8.7% decrease
tn blood volume) and hypervolemia (7.9% elevation in blood volume) effected 20
min sweat rates of 270 m) and 541 ml, respectively (56), and hypothesized that
the exacerbated release of PVP during hypovolemia may have contributed to this
decrement. Earlier, Horstman and Horvath (91) reported that whole body,
thigh, and abdomen sweat rates were significantly greater during euhydration
than 3.6% hypohydration. Alternatively, Myhre and Robinson (116) used passive
heat exposure (50°C) to reduce PV by 7.8% (no fluid replacement) or 2.9% (NaCl
replacement) and demonstrated no effects on sweat rates; in these experiments
the PV differential may have been insufficient to elfcit observable
differences (87). In a related experiment Shannon et al. (154) exercised men

- in a cool (15°C) environment, once after a subcutaneous administration of VP
and a second time when subjects ingested 2% of their body weight in water
after VP injection. Thirty through 60 min after the initiation of exercise,
PV loss was reduced in the hyperhydrated group indicating the important
effects of hydration level even when exogenous VP is administered (154).

The mechanisms responsible for the increased PV of heat acclimation have
been extensively investigated in recent years. Thus, Senay and co-
investigators (152) exercised trained individuals (4 h/d, 40-50% VO max, 3 d
at 250C and 10d at 45°C), and reported that between d 1 and d 2 of exercise in
the heat total plasma protein was elevated by 11.6% and PV increased by 9%.
Further, during accliimation more protein and fluid were retained within the
! circulatory system (152). Earlier, Senax (145) had compared the effects of
' stair-stepping in a cool environment (20°C) with the same exercise in the heat
(409C), and reported that following acclimation, exercise in the heat was
accompanied by hemodilution and maintenance or increments in plasma protein.
Conversely, before heat acciimation exercise at 400C was characterized by
hemoconcentration and net protein losses (145) while exercise in the cool
- environment even before heat acclimation was accompanied by hemodilution.
1 : These results led Senay (145, 147) to hypothesize that permeability changes in
) cutaneous capillaries and availability of translocatable protein were
- partially responsibile for the increased PV of heat acclimation.

p When Senay later (146) compared the effects of heat acclimation on block-
’ stepping at 349C, he again found that with acciimation, hemodilution was
maintained for 2 h. He further hypothesized (146) that hemodilution or
hemoconcentration responses may be dependent upon initial plasma osmolalities
and circulating VP levels with the degree of hemodilution inversely correlated
with inftial osmolality and VP concentration. Interestingly, the same group
(150) asserted that heat intolerant individuals (n=15) failed to hemodiiute to
the same extent as a group of heat tolerant men (n=19) when matched for V02

X max, under similar ambient and work conditions. Moreover, reduced aerobic
exercise in the heat or deacclimation was accompanied by a decrement in plasma
' volume mostly accounted for by significant reductions in total plasma protein
(126). Even in rats, Horowitz and Samueloff (90) reported that dehydration
following acciimation to 340C ambient was characterized by decreased efflux of
albumin while colloid osmotic pressure and total protein mass increased.
Studying desert-originated mice, they demonstrated (89) that dehydration
elicited no changes in plasma volume and a significant decrement in efflux of
albumin from the circulatory system.
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FUTURE STUDIES 9

It 1s noteworthy that in most of these studies addressing
intercompartmental fluid shifts in acclimated, non-acclimated, heat tolerant
and heat intolerant test subjects, potential endocrinological effectors have
not been investigated. In fact, while a wide variety of physiological,
pharmacological, and physical factors have been identified as predisposing an
individual to heat/exercise injury (155), we are unaware of any studies which
have evaluated the assoctfation between these factors and endocrinological
adaptations to exercise in the heat.

For example, we have recently compared the physiological and hematological
responses of older and younger men during 10 d of heat acclimation (124).
While endocrinological responses are still being evaluated, the results of
this study indicated no impairment of thermoregulatory responses when test
subjects were separated by 25 years in age, but matched for YO, max and
selected morphological factors. Alternatively, when Paolone et al. (125)
compared the responses of young (26 y) and older (58 y) men to exercise in the
heat, they observed that PRA was generally more markedly increased in the
younger group. They further concluded (125) that increased PRA in the younger
population may have contributed to their increased ability to protect PV
during the first 60 min of exercise in the heat.

Additional studies on the role of endocrinological responses in the fluid
shifts of heat acciimation, heat intolerance, and factors which predispose to
heat injury may be useful in the design of pharmacological interventions to
reduce the physiological strain of exercise in the heat. For example,
although atrial hormone has been shown to counteract the vasoconstrictive
effects of PRA and the anti-natriuretic effects of PA (111), to our knowledge
no studies have been conducted assessing its response during heat exposure or
exercise in the heat. We have demonstrated in a small animal model that
during moderate (10%) hypohydration PV 1s protected by an influx of water from
the interstitfal fluid compartment, and at 15% hypohydration, both the
interstitial and the intracellular compartment contribute to the maintenance
of PV (42). However, no studies of hormonal control, 1f existent, of these
intercompartmental shifts have been reported. In a much earlier study Giec
(72) estimated the source of the water content of sweat during 2 h of
sedentary heat (500C) exposure and concluded that 66% originated in the
1n§$rst1t1al fluid, 18% in the PV, and 16% in the erythrocytes and other
cells.

Yet another understudied area 1s the complex series of endocrinological
responses occurring in females during exercise in the heat with respect to
circadian perfodicity and phase of the menstrual cycle (88,158); for example,
Horvath and Drinkwater (92) have reported a greater decrement in PV following
exercise in the heat during the luteal phase of the cycle. Grucza et al. (78)
have observed several significant differences in sweating responses to heat
exposure between men and women yet to our knowledge no studies have been
executed to investigate the endocrine correlates, 1f extant, of these
differences with respect to either the mcithly cycle or aging.

CONCLUSION

In this review we have attempted to address comprehensively the hormonal
adaptations and responses which function in the maintenance of fluid and
electrolyte homeostasis during heat/exercise stress. Inconsistencies are
apparent, but even more obvious are the myriad of experimenta)l parameters
which can affect experimental results. The exercise or, indeed, the heat may
range from mild to severe, the time of exposure from acute to chronic, the
fitness status of the subjects from poor to elite - clearly, all these can
affect qualitatively and quantitatively adaptational profiles and response
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patterns. Add to these the variables that can be more subtie or difficult to
assess - hydration status, acclimation level, prior dietary history, and it is
not difficult to envision persistent inconsistencies or even apparent
contradictions. However, frequently, & close reading of the methodology will
reveal logical and valid reasons for what at first glance appear to be
contradictory reports. In fact, in reviewing the 11terature over the past 40
years, one of the several striking differences to be noted is the more
comprehensive and complete descriptions of the test scenarios, experimental
conditions, test subjects, and methodologies that are currently provided. It
{s incumbent upon all investigators to maintain and expand this careful
attention to experimental and methodological detatls so that data can be
properly evaluated.

It would have been useful, 1f 1t were possible, to correlate plasm
hormonal response patterns and intensities to fundamental physiological
variables relevant to exercise/heat stress. Information on indices related to
physiological strain (e.g. rectal temperature, heart rate, osmolality, sodium
levels, plasma volume as estimated from hematocrit-hemoglobin changes) may
have permitted comparisons of the endocrine response patterns with these
physiological variables across experiments. For example, the endocrinologfical
responses to sedentary (e.g. 1 h, 60°C, euhydrated) heat exposure or exercise
(e.g. 15 min 309C, 3% hypohydrated, 50% VO%max) in the heat provide useful,
but independent, information on human adaptations to exercise/heat stress. If
in these two experiments, however, the response patterns could be related to
common physiological criteria as indicated above, then much more comprehensive
and useful interpretations could be made. For example, the intensity of the
hormonal responses could be related to the physiological criteria affecting
this intensity in both experiments. Conclusions might be drawn as to hormonal
responses which contribute to the successful completion of either exercise or
the heat stress in both experiments, and the role of baroreceptors,
osmoreceptors, volume receptors and thermoreceptors could be assessed. The
degree of stress would be related to a physiological rather then an
environmental/exercise criterfon, and the diversity of environmental/exercise
criteria could be more comparable.

In closing, we would 1ike to reemphasize that despite progress in
understanding the role of hormonal action in regulating fluid and electrolyte
balance during heat exposure/exercise in the heat, much remains unknown. A
recent brief review by McDougall (114) underscores this. In this succinct
report McDougall (114) discusses the factors which are instrumental to the
control of aldosterone secretion. He notes that this hormone {s secreted only
by cells of the zona gliomerulosa of the adrenal cortex. Further,. he reports
that angiotensin 11, adrenocorticotropic hormone, potassium loading, and
sodfum deprivation are al) stimulatory to aldosterone secretion while atrial
natriurétic peptide is inhibitory. Despite these well-established regulatory
factors, McDougall (114) asserts that several hypotheses and observations
regarding the control of aldosterone biosynthesis remain unconfirmed and
sometimes confusing: the role of monoamines and other hormones, alterations
in adrenal sensitivity, occasional dissociation of the responses of
angfotensin II and aldosterone, central stimulation of aldosterone secretion.
McDougall concludes that much further in vitro and in vivo work 1s necessary
"for full understanding of the physiological control of aldosterone
secretion®. More generally, we also conclude that much further work is
necessary for a complete understanding of the role of the endocrine system in
maintaining fluid and electrolyte homeostasis during the challenge of heat
exposure/exercise in the heat.

The authors express their sincere appreciation to Mrs. Susan E.P. Henry
and Mrs. Diane Danielski for their outstanding word processing support.

The views of the authors do not purport to reflect the positions of the
Department of the Army or the Department of Defense.
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